Free-standing tungsten-nanowhiskers about 3 nm in thickness were fabricated on SiO 2 substrates with electron-beam induced deposition in a transmission electron microscope operated at 400 kV at room temperature. The growth process of the nanowhisker was observed in-situ and analyzed. The nanowhisker was characterized with high-resolution transmission electron microscopy. Nucleus-deposits smaller than 1 nm formed on the surface of the substrate, grew to 2$3 nm and then grew out of the surface to form nanowhiskers under the electron irradiation. The nanowhisker grew long at its tip. The density and growth rate of the nanowhiskers were different at different places of the same substrate. A part of the nanowhiskers grew long to about 20 nm at the electron dose of 1:16 Â 10 25 e m À2 for an irradiation time of 223 s. The nanowhisker contained nanometer-sized grains of body-centred cubic structural tungsten and an amorphous part. It was found that there exists a critical size about 2-3 nm for a nucleus to grow to a nanowhisker. It is suggested that the nucleation site of the nanowhisker may be controlled by putting appropriate conductive particles in the critical size on the surface of an insulator substrate.
Introduction
Nanostructures, such as carbon nanotubes and nanohorns, fullerences, etc., because of their unique chemical, mechanical and electric properties, have been obtained much attention these years. Among methods for the fabrication of nanostructures, electron-or ion-beam induced deposition (EBID or IBID) are attracted a great attention. In this method, a gaseous precursor containing required elements is decomposed by an energetic electron or ion beam in a vacuum chamber, the volatile part in the precursor is pumped out while the non-volatile part containing the required elements is remained as a deposit. Due to the controllability of the beam, zero, one, two, or three dimensional small-sized objects have been fabricated. [1] [2] [3] [4] [5] [6] [7] [8] Conductive substrates are generally used in these fabrications, because they provide stable fabrication conditions. Recently, by using insulator substrates, Al 2 O 3 , nanometer-sized (nano-sized) tungstenstructures (W-structures), namely, wire-like, dendrite-like and tree-like W-structures, have been fabricated with EBID using a precursor W(CO) 6 in a 200 kV transmission electron microscope.
9) The W-nanodendrites have also been fabricated successfully on SiO 2 substrates.
10) The fabrication of these nanostructures with EBID suggests the possibility of fabricating novel nanostructures. Especially, the free-standing wire-like nanostructure, due to its potential use for nanoemitter, three-dimensional connection between electric elements in integrated circuits, is interesting in technology. However, some aspects of the process, for example, the details of the nucleation and growth of the structure have not yet been understood well. Also, the structure has not yet been fabricated on insulator substrates other than Al 2 O 3 with EBID.
The aim of the present work is to fabricate with EBID the free-standing wire-like W-nanostructure (they are called as W-nanowhisker hereafter in the present paper by referring to the morphology) on SiO 2 substrates, a typical and commonly used insulator in technology, and to investigate in detail the growth process of the nanowhisker. The free-standing Wnanowhisker was fabricated successfully and the structure of which was characterized. It was found that there exists a critical size about 2-3 nm for a nucleus to grow to a nanowhisker, and that the density and growth behaviour of the nanowhiskers seemed to depend on the local condition of the substrate greatly.
Experiment
A transmission electron microscope (TEM), JEM-ARM1000 operated at 400 kV, was used for the fabrication of the tungsten-nanowhisker (W-nanowhisker) with electronbeam induced deposition (EBID). The base pressure in the column was lower than 5 Â 10 À6 Pa. A gas introducing system was used which was composed of a nozzle with a diameter smaller than 0.1 mm and a reservoir containing a precursor. Tungsten hexacarbonyl (W(CO) 6 ) powder was used as a precursor, of which the vapor pressure is approximately 2 Pa at room temperature. The precursor has been proved to be suitable for fabricating nano-sized structures on conductive substrates 1, 3, 5, 7) as well as on insulator substrates 9, 10) with EBID. Crystalline SiO 2 thinfilm specimens suitable for TEM observation were used as substrates. The nozzle was located near the substrate within 2 mm. The base pressure in the column of the TEM was not detectably influenced by the precursor source. The substrate samples were prepared from commercially obtained singlecrystal SiO 2 wafers through cutting, grinding, dimpling and Ar ion milling. The energy of the Ar ion for the ion milling was below 5 keV and lower than 2 keV at the final stage of the ion milling. A small hole with thin area surround it was formed on the specimen. EBID was carried out near the edge of the hole. The current density of the electron beam (EB) for the EBID was about 8:3 Â 10 3 A m À2 (5:2 Â 10 22 e m À2 s À1 ), which was estimated by measuring the total intensity and the size of the EB at the work condition. The fabricated structure was observed and characterized in situ or after the fabrication with JEM-ARM1000 TEM operated at 400 or 1000 kV. A camera-video system with time resolution of 1/30 s mounted
under the camera chamber of ARM1000 and image plates made by Fuji Photo film Co. Ltd. were used to record the process of the EBID. All the experiments were performed at room temperature. Figure 1 shows a series of the image recorded during the EBID. Relative times are indicated in the figure. Zero second (0 s) represents the beginning of the irradiation of the electron-beam (EB). The EB used before 0 s was much weaker than that used after 0 s. After the irradiation for about 5 s, tiny dot-shaped deposits, smaller than 1 nm, were observed on the substrate, as indicated by arrows in Figure 1 (b). With continuous irradiation, the dots grew large to 2$3 nm ( Fig. 1(c) ). After about 18 s, the dot-deposits grew out of the surface of the substrate ( Fig. 1(d) ). Thereafter, the deposits grew long and formed the shape of a nanowhisker ( Fig. 1(f) to 1(h)). At 18 s, deposits A and B, 2$4 nm in height, were formed ( Fig. 1(d) ). Other deposits also grew out of the surface after the time of Fig. 1(d) , for example, the deposits C, D and E as observed in Fig. 1(e) . The nanowhisker generally grew long in direction normal to the surface of the substrate as observed in the figure. However, the nanowhiskers seem to grow at different rate with increasing the time. For example, nanowhiskers I and J grew slower than nanowhisker B (Figs. 1(e), 1(f) and 1(h)). Some nanowhiskers also showed complicated behaviour during the growth, such as bending (nanowhisker B in Fig. 1(f) ), branching (nanowhisker A in Fig. 1(f) ), or growing long in other direction (the nanowhisker near the place indicated with F in Fig. 1(g) ). The morphology of the tip of the nanowhisker, for example, nanowhiskers A and B, was changing often during the time. It is obvious that the nanowhisker grew long at the tip, not at the bottom. This can be observed from nanowhisker A in Fig. 1 . Nanowhisker A branched at about 89 s, grew long under continuous irradiation. The length of the nanowhisker became longer but the length below the position of the branch did not change. A layer about 1$2 nm in thickness with dark contrast is observed on the top surface of the substrate in Figs. 1(g) and 1(f). Since it was only observed after long time irradiation, the layer should be a deposit layer formed during the EBID. Nanowhiskers A, B, G, H, I and J will be also discussed in Fig. 3 . The nanowhisker grew in thin area near the edge of the substrate within the area electron-irradiated. Figure 2 shows the grown nanowhisker at two places of the area on a substrate. The density and length distribution of the nanowhiskers in (a) and (b) are different each other. The nanowhiskers in (b) are more even in lengths and have higher density than those in (a). A number of the nanowhiskers in (a) and (b) have lengths about 20 nm. The thickness of the nanowhisker near the tip is about 3 nm as shown at several nanowhiskers in the figure. Some of the nanowhiskers branched at the tip, as indicated with A to E in the figure. Dark contrast dots about 3$4 nm in size are observed as indicated with F and G in the figure. As will be discussed afterwards, these dots were also the nanowhiskers.
Experimental Results
The lengths of nanowhiskers A, B, G, H, I, and J as indicated in Fig. 1 (h) at different times were measured from the video record. The results are plotted in Fig. 3 showing the relation between the length of the nanowhisker (L) and the electron dose (D e ). The nanowhiskers generally grew long with increase the electron dose. But they grew long at different rate to the electron dose. Some of them even stopped growth during the electron beam irradiation (nanowhisker J after dose about 8 Â 10 24 e m À2 ). The longer nanowhiskers, for example, nanowhiskers A and B, increased the length approximately linearly with the electron dose, therefore, the irradiation time. Using the total length and total dose, the growth rates of these two nanowhiskers were obtained as 1.73 nm/(1 Â 10 24 e m À2 ) and 1.75 nm/(1 Â 10 24 e m À2 ) for nanowhiskers A and B, respectively. The average rate of length to dose is 1.74 nm/(1 Â 10 24 e m À2 ). The structure of the fabricated nanowhisker was characterized with high-resolution transmission electron microscopy (HREM) with JEM-ARM1000 operated at 1000 kV. Figure 4(a) shows the micrograph of the nanowhisker. Crystalline grains as indicated with A and B and amorphous region are observed in the nanowhiskers. Fast Fourier transformation (FFT) and noise filtered inverse fast Fourier transformation (IFFT) treatments were performed for the part bracketed in Fig. 4 (a) in order to observe the grains clearly. The IFFT result is shown in Figure 4(b) . The FFT result with the mask used for obtaining the IFFT is shown in Fig. 4(c) . The lattice images of grains A and B can be observed clearly. Grain B in Fig. 4(a) is actually composed of several small grains, including grains C and D as indicated in Fig. 4(b) . The lattice spacing and the angles between the lattice fringes of some of the grains were measured from Fig. 4(b) . 
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The above values for grain A most agreed with the structure of bcc (body-centred cubic) tungsten (W) among the possible candidate structures of W, carbon, and W-carbides (The lattice spacing of {110} of bcc-W is 0.224 nm; The angle between two {110} of bcc-W is 60 or 90 ). Therefore grain A was considered to be a grain of bcc-W in the orientation near h111i. But structures of other grains could not be determined. It is concluded that the bcc-W grain and an amorphous part are contained in the nanowhisker. The results are consistent with those observed of the W-nanodendrite fabricated on Al 2 O 3 substrates with EBID.
9)

Discussion
The process of the nucleation and growth of the Wnanowhiskers on the SiO 2 substrate observed in the present work can be understood qualitatively with the mechanisms proposed previously. 9) However, new details of the process were revealed in the present work.
It can be deduced from the present results that there exists a critical size of a nucleus-deposit for the growth of the nanowhisker. It was observed in Figure 1 that the nucleus formed initially with a size smaller than 1 nm, but the deposits grew out of the surface of the substrate only after the time when the nucleus grew large to about 2-3 nm. This fact implies that 2-3 nm is a critical size of a nucleus for the nucleus to grow to a nanowhisker.
Charging-up on the surface of the substrate during the electron irradiation is considered as a decisive factor for the nucleation and growth of the nanowhisker. It is known that electric charges may accumulate on the surface of an insulator bombarded with energetic particles. 11, 12) However, experimental and theoretical studies on the distribution of the charges are scarce. We have supposed that the formation of the nucleus of the nanowires and other branched structures on an insulator substrate in EBID is attributed to the uneven distribution of charges on the surface of a substrate.
9) The place where a small dot-nucleus formed as shown in Fig. 1b should be a place with relatively denser charges, or a charge centre. The charge centre produces an electric field surround it. Adsorbed precursor molecules on the surface of the substrate, which might be polarised in an electric field due to the weak interactions between atoms and atom groups, would be attracted to the charge centre. These attracted molecules are decomposed by the incident electron-beam, thus a tiny deposit forms. The tiny deposit grows larger under continuous electron irradiation. A deposit grows out of the surface because the charges gather at its tip and the charges attract precursor molecules. The critical size for a nucleus-deposit is the value in which the deposit grows long out of the substrate because the charges gather at its tip. After a deposit grows to the critical size, the deposit would mainly grow from its tip, since the precursor molecules are attracted at the tip. The newly grown part of the nanowhisker should not be thicker too much than the critical size, because when the part is thicker than the critical size, charges would gather at its tip then attract precursor molecules there. This may be the reason why the thickness of the nanowhisker near the tip is about 3 nm, close to the critical size of the nucleus. The nucleus for the growth of the nanowhisker may not need to be a W-deposit. A conductive particle in the critical size and in an appropriate shape, for example, a sphere shape, on the surface of an insulator substrate might also act as the nucleus of the nanowhisker, since charges would gather at its tip and attract precursor molecules there. Therefore, the nucleation position of the nanowhisker might be controlled by putting appropriate conductive particles on the surface of an insulator substrate.
It was observed that the density of the nanowhisker was different at different places of a substrate as observed in Fig. 2 . This fact reveals that the density of the nuclei of the nanowhisker depended on conditions of the local area of the substrate. The conditions may include the shape of the edge, the roughness and the crystalline orientation of the surface of a substrate. It was confirmed with TEM that an amorphous layer more than 10 nm in thickness was formed all over the surface of the substrate of the present specimen (not shown), which was considered to be formed during the specimen preparation. Therefore, the crystalline orientation of the substrate should not influence the density of the nucleus very much. Protuberances about 2 nm in height on a 5.5 keV Ar ion milled Si surface has been observed. 13) The protuberance on the surface of the substrate in the present work may be in the same order. The protuberance might act as the charge centre for the nucleation of the nanowhisker. The shape of the edge of a substrate should influence the production and distribution of charges at the local area, therefore influence the nucleation of the nanowhisker. It is suggested that controlling the local conditions of a substrate, such as the flatness and the shape, is important for controlling the density of the nucleus, therefore, the density of the nanowhisker.
The uneven length and the different growth rate of the nanowhisker observed in Figures 1, 2 and 3 revealed that the growth of the nanowhisker depended on the above mentioned local conditions of the substrate also. The growth of a nanowhisker in length depends on the number of adsorbed precursor molecules at the tip and the decomposition rate of the molecules by electron irradiation. The uneven growth rate of the nanowhiskers revealed that the number of the adsorbed molecules at the tip of the respective nanowhisker was different each other. For a nanowhisker, if the number of adsorbed molecules at the tip is not the same, the growth rate of the nanowhisker should not be the same during the growth. The difference between the different nanowhiskers and the difference at different times for a nanowhisker might be resulted from the difference in the local condition of the substrate near the respective nanowhisker. Therefore, it is necessary to control the conditions of the substrate in order to fabricate nanowhiskers with desired density and even length. Some of the nanowhiskers grew long till about 20 nm at an approximately constant rate to electron dose as observed in Figure 3 . The result implies the possibility to fabricate nanowhiskers with about the same length at appropriate substrate condition and work condition.
As is observed in Fig. 2 , some nanowhiskers branched at the tip. This should be because that the condition at the tip of the nanowhiskers changed during the growth. Though the branching was also observed to happen at a short nanowhisker, for example, nanowhisker A at 89 s observed in Fig. 1(f) , most of the branches happened to the relatively longer nanowhiskers. These results implies that a longer nanowhisker may branch easier than a shorter one. Dot-like contrasts, some of which have weaker contrast tails, are observed in Fig. 2 as shown by F and G in the figure.
These are considered to be the nanowhiskers grown in directions almost parallel to the EB, therefore those nanowhiskers were observed as dot-like contrasts. For a nanowhisker not completely parallel to the EB, a tail is observed.
Conclusion
Free-standing tungsten-nanowhiskers were fabricated on insulator SiO 2 substrates with electron-beam induced deposition using a 400 keV electron beam. The process of the nucleation and growth of the nanowhisker was observed in situ and analyzed. It is deduced that there exists a critical size for a nucleus to grow to a nanowhisker which is about 2$3 nm. The density and growth behaviour of the nanowhiskers seemed to depend on the local conditions, such as the flatness of the surface and the shape of the edge, of the substrate greatly. It is suggested that the growth position of the nanowhisker may be controlled by putting conductive particles in the critical size on the surface of an insulator substrate, and that controlling the local condition of the substrate is critical for the fabrication of nanowhiskers with desired density and even length.
